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Abstract
We demonsrtate electrical spin injection and detection in n-type Ge (n-Ge) at room temperature
using four-terminal nonlocal spin-valve and Hanle-effect measurements in lateral spin-valve (LSV)
devices with Heusler-alloy Schottky tunnel contacts. The spin diffusion length (λGe) of the Ge
layer used (n ∼ 1 × 1019 cm−3) at 296 K is estimated to be ∼ 0.44 ± 0.02 µm. Room-temperature
spin signals can be observed reproducibly at the low bias voltage range (≤ 0.7 V) for LSVs with
relatively low resistance-area product (RA) values (≤ 1 kΩµm2). This means that the Schottky
tunnel contacts used here are more suitable than ferromagnet/MgO tunnel contacts (RA ≥ 100
kΩµm2) for developing Ge spintronic applications.
1
Owing to the future intrinsic limits of downsizing of silicon-based conventional comple-
mentary metal-oxide-semiconductor (CMOS) transistors, novel devices with additional func-
tionalities should be developed. Spin-based electronics (spintronics) is expected to enhance
device performances because of its nonvolatility, reconstructibility, low power consumption,
and so forth.[1–5] To introduce the use of spintronics into the Si-based semiconductor indus-
try, it will become important to explore spintronic technologies compatible with Si.[6–11]
In recent years, germanium has been attracting much attention as a channel material for
next-generation CMOS transistors because its electron and hole mobility are twice and four
times as large as those in Si, respectively.[12, 13]
In line with this research, there have been many studies to date on the development
of spintronic technologies using Ge.[14–20] For heavily doped n-Ge (1018 cm−3≤ n ≤ 1019
cm−3), the spin diffusion length (λGe) at room temperature, one of the key parameters in Ge
spintronics, has been reported by some experimental methods. First, the value of λGe at room
temperature was estimated to be 0.68 µm from three-terminal Hanle-effect measurements
of CoFe/MgO/n-Ge devices.[16] Next, by analyzing the detected inverse-spin-Hall voltage
in Py/n-Ge/Pd devices, a room-temperature λGe value of 0.66 µm was expected,[21] which
is similar to that in Ref. [16]. However, there is no report on the room-temperature λGe
estimated from four-terminal nonlocal spin-valve and Hanle-effect measurements although
this is the most reliable method for exploring spin transport in nonmagnets.[22–25]
Here, we report on room-temperature four-terminal nonlocal spin signals and Hanle-effect
curves obtained under parallel and anti-parallel magnetization configurations of Co2FeAl
(CFA) Schottky tunnel contacts in n-Ge-based lateral spin-valves (LSVs). This means that
generation, manipulation, and detection of pure spin currents in n-Ge are reliably demon-
strated at room temperature by all-electrical means for the first time. The λGe value of
the n-Ge layer used here (n ∼ 1 × 1019 cm−3) is estimated to be ∼ 0.44 ± 0.02 µm. Room-
temperature spin signals can be observed for LSVs with relatively low resistance-area product
(RA) values (≤ 1 kΩµm2), which are much lower than that of ferromagnet/MgO tunnel con-
tacts in the low bias voltage range in room-temperature Ge spintronics.[16, 18] This study
will pave a way to develop spintronic applications with Ge technologies.
First, the growth of Ge layers used in this study for spin transport is explained. We formed
an undoped Ge(111) layer (∼28 nm) grown at 350 ○C (LT-Ge) on a commercial undoped
Si(111) substrate (ρ ∼ 1000 Ωcm), followed by an undoped Ge(111) layer (∼70 nm) grown
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FIG. 1. (Color online) (a) Schematic diagram of a lateral four-terminal device with Co2FeAl/n
+-Ge
contacts. (b) Four-terminal nonlocal magnetoresistance curve at 296 K. Inset shows J − V curves
of the Co2FeAl/n
+-Ge spin injector and detector at 296 K.
at 700 ○C (HT-Ge).[26] As the spin transport layer, we grew a 140-nm-thick phosphorous
(P)-doped n-Ge(111) layer (doping concentration ∼ 1019 cm−3) by molecular beam epitaxy
(MBE) at 350 ○C on top of the HT-Ge layer. The carrier concentration (n) in the n-Ge(111)
layer was estimated to be n ∼ 1 × 1019 cm−3. Because the HT-Ge layer on LT-Ge/Si(111)
has p-type conduction and a relatively high resistivity (high spin resistance) compared to
the spin transport (n-Ge) layer, we can ignore the spin diffusion into the HT-Ge layer. To
promote the tunneling conduction of electron spins through the Schottky barriers,[17, 19, 20]
a P δ-doped Ge layer (n+-Ge) with an ultra thin Si insertion layer was grown on top of the
spin-transport layer.[27] As the spin injector/detector, we used Co2FeAl (CFA) grown by
low-temperature MBE because it is relatively simple to grow compared to Co2FeAl0.5Si0.5,
which was previously reported in Ref. [20]. Here CFA is also expected to exhibit relatively
high spin polarization.[28] Detailed growth procedures have been published elsewhere.[29]
Figure 1(a) shows a schematic illustration of the fabricated LSVs for four-terminal nonlo-
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cal measurements.[22–24] Two different CFA/n-Ge contacts with 0.4 × 5.0 µm2 and 1.0 × 5.0
µm2 in size were fabricated by conventional electron beam lithography and Ar-ion milling.
The edge-to-edge distances d between the CFA/n+-Ge contacts were measured to be 0.24
to 0.55 µm. Representative current-voltage characteristics (J − V curves) of the fabricated
CFA/n+-Ge Schottky tunnel contacts are shown in the inset of Fig. 1(b). Because there
is no rectifying behavior, we can judge that the tunneling conduction of electrons through
the CFA/n-Ge interfaces is demonstrated irrespective of the influence of the strong Fermi
level pinning at the metal/n-Ge interface.[30] By applying in-plane magnetic fields (By),
four-terminal nonlocal magnetoresistance (∆RNL = ∆V NL/I) curves are measured at I =
-2 mA at room temperature (296 K), as shown in the main panel of Fig. 1(b). Here the
negative sign of I (I < 0) means that spin-polarized electrons are injected from CFA into
n-Ge. Evident hysteretic behavior of ∆RNL, depending on the magnetization configuration
between the two CFA contacts, can be observed even at room temperature. These features
can be reproducibly observed in many LSVs, as shown in the discussion below. For the
presented LSV (d = 0.24 µm), the amplitude of the spin signal, ∣∆RNL∣, is approximately
0.54 mΩ at room temperature.
By applying out-of-plane magnetic fields (Bz), we also measure four-terminal nonlocal
Hanle-effect curves under parallel and anti-parallel magnetization states between the CFA
electrodes. In Fig. 2(a), we can see clearly nonlocal Hanle-effect curves, indicating precession
of the pure spin currents in the n-Ge layer at room temperature, for both the parallel and
antiparallel magnetization states in an LSV having d = 0.5 µm. This is the first observation of
four-terminal nonlocal Hanle-effect curves at room temperature in n-Ge, that were detected
entirely by electrical means. According to the one-dimensional spin drift diffusion model,[23,
25] the four-terminal nonlocal Hanle-effect curves can be expressed as follows.
∆RNL(Bz) = ±A∫ ∞
0
φ(t)cos(ωLt)exp (− t
τGe
)dt, (1)
where A = PinjPdetρGeD
S
, φ(t) = 1√
4piDt
exp (− L2
4Dt
), ωL (= gµBBz/h̵) is the Larmor frequency,
g is the electron g-factor (g = 1.56) of Ge,[31] µB is the Bohr magneton, Pinj and Pdet
are the spin polarizations of electrons in n-Ge, ρGe is the resistivity (ρGe ∼ 1.9 mΩcm),
S is the cross section (S = 0.98 µm2) of the n-Ge layer used here, and L is the center-
to-center distance between the spin injector and detector (L = 1.2 µm). The solid curves
presented in Fig. 2(a) indicate the results fitted to Eq.(1). In consequence, the τGe and D
4
values are determined to be 0.25 ns and 7.2 cm2/s, respectively. Here the influence of the
contact-induced spin relaxation on the Hanle analysis of our LSVs can be ignored because
the τGe value obtained using Eq. (5) in Ref. [32] was nearly equivalent to that obtained
using Eq. (1). In addition, according to the relation λGe = √Dτs, we can calculate a λGe
value of 0.42 µm at room temperature for the n-Ge layer used here. In Fig. 2(b), we also
investigate the d dependence of ∣∆RNL∣ for evaluating λGe using the following equation,
∣∆RNL∣ = ∣Pinj∣∣Pdet∣ρGeλGeS exp (− dλGe ). Here we use LSVs other than that shown in Fig. 2(a)
because we should confirm the reliability of the λGe value estimated from the samen-Ge
layer. As a result, we can obtain a λGe value of 0.46 µm. From both the Hanle effect and
d dependence analyses, we regard λGe at room temperature as 0.44 ± 0.02 µm, which is
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FIG. 2. (Color online) (a) Four-terminal nonlocal Hanle effect curves of a CFA/n+-Ge LSV for
parallel and antiparallel magnetization configurations at 296 K at I = −2.0 mA. (b) Plot of ∣∆RNL∣
versus d at 296 K. Dashed line is a result fitted to
∣Pinj∣∣Pdet∣ρGeλGe
S
exp (− d
λGe
).
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slightly different from the values obtained in previous room-temperature works.[16, 21]
Recently, by utilizing a Co-based Heusler alloy as a spin injector and detector, we have
obtained large and reliable spin signals at low temperatures and gained insight into the spin
relaxation mechanism in n-Ge from low temperature to near room temperature.[20] Theoret-
ical analyses revealed that the spin relaxation mechanism in n-Ge (1018 cm−3≤ n ≤ 1019 cm−3)
at low temperatures is dominated by donor-driven intervalley spin-flip scattering.[20, 33]
It should be noted that, however, at room temperature, the phonon-induced intervalley
spin-flip scattering cannot be ignored.[20] Considering both contributions to τGe, we can
theoretically calculate a room temperature τGe value of ∼ 0.2 ns,[20] which leads to a λGe
of 0.45 µm. The experimentally obtained data in this study (λGe = 0.44 ± 0.02 µm) are
consistent with the above theoretical λGe value. In terms of the theoretical spin relaxation
mechanism,[33] the estimated λGe value in this study is more reliable than those estimated
by other methods.[16, 21]
A comparison of λGe and λSi at room temperature shows that the obtained λGe is obvi-
ously smaller than the reported λSi ( ∼ 1.0 µm).[11] For both Ge and Si, although the spin
relaxation mechanism is dominated by the donor-driven and phonon-induced intervalley
spin-flip scattering predicted theoretically[33] and experimentally,[11, 20] the contributions
of the Bohr radius and spin-orbit coupling in Ge to the spin scattering rate are relatively
large compared to those in Si. Therefore, reducing the donor concentration in n-Ge might
be important to enhance λGe at room temperature in future.
From the results shown in Fig. 2, the spin polarization created in n-Ge can be expected.
Figure 3 shows a plot of room-temperature spin polarization,
√
PinjPdet, versus the RA value
in the low bias voltage range (≤ 1.0 V) for various LSV devices. We cannot see the effect
of the RA value of the used contacts on the spin polarization created in n-Ge. Here, for
LSVs with RA ∼ 1 kΩµm2, the ∣∆RNL∣ values were reliably observable, and this range was
much lower than that in previous room-temperature works.[16, 18] We note that the use of
our Schottky tunnel barriers with inserted δ-doped layers[20] enables us to simultaneously
demonstrate room-temperature spin transport and low RA spin injection/detection. This
technique will open a way to develop Ge spintronic applications with low power consumption.
We will comment on this point later. Unfortunately, the spin polarization created in n-Ge
is still small,
√
PinjPdet ∼ 0.01, as shown in Fig. 3. According to the conventional spin
diffusion theory,[34] the ratio of RA (= rb) to rN is important for obtaining a large the spin
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FIG. 3. (Color online) Summary of
√
PinjPdet versus RA at 296 K for various LSV devices with
Co2FeAl/n
+-Ge contacts. Insets show representative spin signals for LSVs with RA values of ∼0.5
kΩµm2 and ∼1.5 kΩµm2.
signal in an LSV with tunnel barriers, where rN = ρGe × λGe. Here, because rN is estimated
to be ∼ 8.4 Ωµm2 in this study, RA/rN is ∼ 102, which is not an optimum condition.[34]
To enhance the spin signals in our LSVs, it might be important to control the RA value
toward ∼10 Ωµm2 by engineering the ferromagnet/n+-Ge junctions. However, we have to
consider the spin absorption effect at the low-RA interface in future. Although the bulk spin
polarization of CFA electrodes is expected to be high,[28] the quality of the CFA electrode
near the heterointerface may not be sufficient to achieve device applications. If the bulk spin
polarization of the low-temperature grown CFA near the interface is degraded,[35] we should
improve the spin polarization created in n-Ge by achieving high-quality ordered structures.
In the study of GaAs-based LSVs, the spin injection/detection efficiency has reportedly be
improved by using high-quality Co-based Heusler alloys.[36–39] To obtain even higher spin
signals at room temperature in Ge-based LSVs, we should further improve the quality of
the Co-based Heusler alloys on Ge.
Finally, we comment on the technical advantage of using Schottky tunnel barriers for Ge
spintronic applications. According to our previous works,[40] high-quality Heulser-alloy/Ge
heterointerfaces grown by low-temperature MBE can reduce the influence of the strong
Fermi level pinning on the Schottky barrier height. For such Heulser-alloy/n-Ge junctions,
we can apply a developed P δ-doping technique[27] to reduce the width of the Schottky
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barrier. By utilizing both methods for Schottky tunnel junctions, we can realize high-
quality Heulser-alloy/Ge contacts with relatively low RA values (≤ 1 kΩµm2).[20, 27] For
ferromagnet/MgO/n-Ge junctions, on the other hand, there are many reports on the use of
the barrier layers (1 − 2 nm) to obtain relatively high RA values (≥ 100 kΩµm2) in the low
bias voltage range (≤ 1.0 V). In addition, complete Fermi level depinning cannot be observed
yet by inserting crystalline MgO barriers between bcc-ferromagnets and n-Ge.[41] For these
reasons, our Schottky tunnel barriers are more effective than ferromagnet/MgO barriers for
simultaneously demonstrating room-temperature spin transport and low RA contacts in the
Ge spintronic devices.
In summary, we reported on room-temperature four-terminal nonlocal spin signals and
Hanle-effect curves obtained under parallel and anti-parallel magnetization states of Co2FeAl
(CFA) Schottky tunnel contacts in n-Ge-based LSVs. Using the analyses of the Hanle-effect
curves and d-dependent nonlocal spin signals, we extracted a room temperature λGe value
of ∼ 0.44 ± 0.02 µm for n-Ge (n ∼ 1 × 1019 cm−3). We note that room-temperature spin
signals can be observed for LSVs with a relatively low RA of ∼ 1 kΩµm2, which is much
lower than that of ferromagnet/MgO tunnel contacts obtained in previous room-temperature
works.[16, 18] This study will pave a way to develop Ge spintronic applications with low
power consumption.
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